The effect of isometric handgrip exercise (IHG) on left ventricular (LV) size and performance was studied noninvasively on 15 normal subjects at rest and at the end of 3 min of IHG at 50% of maximum contraction. Left ventricular internal diameter was measured at end-diastole and end-systole on LV echograms, the indirect carotid pulse was recorded, and blood pressure measured by sphygmomanometry. Using the cube formula, LV end-diastolic (EDVI) and end-systolic (ESVI) volume indices were computed, and stroke (SI) 
SUM MARY
The effect of isometric handgrip exercise (IHG) on left ventricular (LV) size and performance was studied noninvasively on 15 normal subjects at rest and at the end of 3 min of IHG at 50% of maximum contraction. Left ventricular internal diameter was measured at end-diastole and end-systole on LV echograms, the indirect carotid pulse was recorded, and blood pressure measured by sphygmomanometry. Using the cube formula, LV end-diastolic (EDVI) and end-systolic (ESVI) volume indices were computed, and stroke (SI) and cardiac (CI) indices were derived. Mean blood pressure (BPm) and systemic vascular resistance (SVR) were calculated from these data by a technique previously described. In comparison to values at rest, IHG resulted in a significant (P < 0.01) rise in CI (3.5 ± 0.2 to 4.4 i 0.3 L/min/m2), BPm (87 ± 2 to 120 4 mm Hg) and heart rate (79 ± 3 to 97 4 beats/min). The product (SI X BPm), used as an index of LV stroke work, increased substantially (52 3 to 74 + 4 gm-iM/M2). No significant change was noted in EDVI (60 ± 4 to 62 i 3 ml/m2), SI (44 ± 2 to 46 ± 2 ml/m2), and SVR (1209 ± 69 to 1275 ± 63 dynes/sec/cm-5).
Thus normal hearts responded to IHG by increasing CI through tachycardia and pumping the same SI against increased afterload, without utilizing diastolic volume reserves. These data support the hypothesis that isometric muscular exercise leads to an augmentation of LV Abbreviations: Dd and Ds = end-diastolic and end-systolic internal dimension of the left ventricle; EDVI = left ventricular end-diastolic volume index; HR = heart rate; CI = cardiac index; Syst = systolic; Diast = diastolic; SVR = systemic vascular resistance; BPm = mean blood pressure; F female; M = male, R = at rest; E = exercise; SEM = standard error of the mean. *P less than 0.01 in comparison with value at rest.
an Electronics for Medicine DR-6 recorder at a paper speed tion, three subjects (#1, 9, and 10, table 1) had both studies of 100 mm/sec, utilizing a piezoelectric transducer.* The conducted in the left lateral position, because this provided values for blood pressure were applied to the indirect carotid more stable monitoring of the LV echogram throughout the pulse waves, which were then planimetered to determine cardiac cycle. The objective of the echocardiographic study the mean blood pressure (BPm) which was used to calculate was to identify echoes from the endocardium of the left side the systemic vascular resistance, as previously reported from of the interventricular septum and that of the LV posterior this laboratory.12
wall, in a plane immediately below the mitral valve, as
Echocardiographic studies were performed using a Smith previously described;7' '1 the vertical distance between these Kline Ekoline 20 echographt equipped with a 2.25 MHz two echoes, approximating the LV internal minor axis, was focused transducer (Model C-12). The echocardiograms measured at the end of diastole (Dd) and end of systole (Ds) were recorded on pictures taken with a Polaroid camera, in all (2-3) available cycles on each picture and the average during M-mode presentation at a medium sweep velocity value, rounded to the nearest 0.5 mm, was used for calculathat permits completion of a full sweep cycle within 2 sec.
tion of LV end-diastolic and end-systolic volume from the While most of the studies were conducted in supine posiformula:7 (Programma 101) calcuilator using the t-test for paired data.
1'he level of statistical significance was set at P < 0.01.
Results
As can be seen in table 1, during IHG contraction, Dd remained unchanged in five cases, increased in seven (by 0.5 to 4 mm), and decreased in the remaining three (by 1 to 3 mm). In the group as a whole, the observed differences in Dd (47 ± 0.9 to 47.6 ± 0.8 mm, mean ± standard error) and corresponding LV end-diastolic volume index (60 ± 4 to 62 ± 3 ml/m2) during IHG test vere insignificant ( fig. 2) . Similarly, no significant changes were noted in Ds (29.7 ± 1 to 30 ± 1 mm) and corresponding LV end-systolic volume index (16 + 2 to 16 ± 2 ml/M2). Significant (P < 0.01) increases in heart rate (by 18 beats/min), cardiac index (by 0.9 L/m in/m2) and mean arterial pressure (by 33 mm Hg) were observed during IHG test; in comparison to control values at rest, these changes were equivalent to increases of 23cr, 26%s and 38S, respectively. In contrast, LV stroke volume index and systemic vascular resistance exhibited no significant changes ( fig. 2) . The product (SI X BPm) did increase in all cases (5% to 89%, average 44r% P < 0.01). lleiiiodiiarlnlic alteraztions olservnec ditring isomnetric exercise 11B = heart ratc; C> = cardiac index; B1' blood pressure; S = systolic; M = mean; 1) 1' 6, 17, 18 both at rest and during similar levels of isometric exercise. Thus, tachycardia was primarily responsible for the observed increase in cardiac output during exercise, with only minimal increase in stroke volume. Increasing cardiac output, in turn, was the chief mechanism that led to the observed elevation in arterial pressure in the presence of a practically unaltered systemic vascular resistance. The magnitude of these hemodynamic changes confirmed the adequacy of the stress imposed on the heart by IHC test.
Catheterization studies have shown that despite considerable increase in LV stroke work during IHG exercise, normal hearts exhibit minimal increase, no change, or even a small decrease in left ventricular end-diastolic (LVED) pressure." 4'6 These observations by others are consistent with our observations and support the hypothesis that isometric muscular exercise leads to an augmentation of left ventricular myocardial contractility in normal man.' Although in our group as a whole, LVED volume remained unaffected by IHG exercise, small changes did appear in most cases. These data should not be construed as suggesting that the observed changes in LVED volume reflected proportional changes in LVED pressure, for the LV pressure-volume relation is not linear.21 '22 Even directional changes in LVED pressure should not be inferred from alterations in LVED volume, unless it is assumed that the LV pressure-volume relationship is not modified by isometric exercise. This assumption, however, is not necessary in evaluating the physiologic importance of the observed response to isometric exercise, in the context of the preload-stroke work relation. This is because preload can be expressed more appropriately in terms of initial fiber length than LVED pressure. 23 Thus a shift to the higher ventricular function curve appears to be the only possible explanation for the response exhibited by the eight subjects in whom an increase in the product (SI X BPm) was accompanied by either a decrease (subjects #2, 5, and 8, The vigorous arterial pressure response to IHG exercise per se is not adequate evidence of a similar rise in afterload (wall tension), for the latter depends also on the geometry, volume, and wall thickness of the LV.24 If one assumes no change in LV geometry during IHG exercise, however, an increase in afterload must have occurred according to Laplace's law,25 since LV volume (and consequently wall thickness) remained practically unchanged in this group.
In summary, this study has demonstrated that the normal left ventricle is able to meet the extra work load requirements imposed on it by isometric exercise with either minimal drawing on its diastolic volume reserve, or none at all, assisted (in the latter case at least) by an augmented contractility of varying degree.
